This paper reports on a study that seeks to examine a very limited set of interactions between the hydrological cycle and the radiative processes that take place on Earth and attempt to test how well these interactions are simulated by a general circulation model. Two broad types of tests of the model are introduced in this paper. The first focuses on comparing various sensitivity relationships established by the model with those observed on Earth. The specific relationships examined in this paper include the sensitivities of column-integrated water vapor, the clear sky greenhouse effect, cloud albedo, and cloud radiative forcing to sea surface temperature. The second type of test focuses on comparison of simulated and observed seasonal cycles of the greenhouse effect and cloud radiative forcing. The main results of this study suggest that the model studied, which we take to be representative of the current generation of global climate models, is able to simulate some aspects of the observed sensitivities fairly well. Qualitative successes of the simulations include realistic variations of column vapor with sea surface temperature, the clear sky greenhouse parameter and its variation with both column vapor and sea surface temperature, and cloud longwave radiative forcing with sea surface temperature, as well as the seasonal changes of the greenhouse effect and the cloud radiative forcing. However, there exist many serious quantitative differences between the model and the observations. These include problems in the simulations of the column vapor in the tropics and an excessively strong clear-sky greenhouse effect in the midlatitudes. These differences combine in such a way that the model underestimates the sensitivity of the clear-sky greenhouse to changes in sea surface temperature compared to that derived from observations. Significant differences between the simulated and the observed radiative pi'operties of clouds include the overprediction of the longwave cloud radiative forcing over warm tropical oceans and a significant underestimate of the cloud reflection in mid-latitudes during the summer season.
INTRODUCTION
Numerical models of the global climate serve an important function in our attempts to study and understand the Earth's climate and any impending change of climate. One application of these models is as investigative tool to study the interaction of various physical processes in the model with the hope that we might gain insight into how these processes actually operate in the real world. Before we can attach any credibility to these models as a research tool, let alone as a predictive tool, it is crucial that they be evaluated by comparing them with suitable observational data. Unfortunately, this is not a simple task. It is relatively straight forward to simulate distributions of selected quantities, like surface temperature or the top of the atmosphere Earth radiation budget (ERB), and then compare these with observations. These tend to be sterile tests of the models and, while necessary and important first steps, by themselves offer little real clue as to which processes are poorly handled in the models and thus presumably poorly understood. Meaningful comparisons between model and observations are further complicated by the fact that it is virtually impossible to observe the key physical processes of the real climate system Stephens and Greenwald [1991a, hi, hereafter referred to as part 1 and part 2 respectively, developed various procedures for analyzing satellite data to study both the greenhouse effect of the planet and the connections of water vapor and clouds to the ERB. The present paper adopts these procedures as well as others in an attempt to compare the Colorado State University (CSU) general circulation model (GCM) to observations over the global oceans. The latter are largely derived from satellite measurements. The main aim of the study reported here is to provide a limited test of how well one particular model treats certain interactions between its hydrological cycle and model parameterizations of radiative processes. Two broad types of tests of the model are introduced to study these interactions. The first type of test focuses on comparing various sensitivity relationships established in the model with those observed on Earth. These relationships are considered basic to our understanding of different climate feedbacks. For example, the existence of a relationship between the precipitable water content (PWC) and sea surface temperature (SST) is central to the existence of the water vapor feedback mechanism. If a model fails to reproduce such key observed sensitivities, then it cannot be trusted to simulate the important feedbacks correctly. The second type of test focuses on corn-4931 parison of the seasonal cycle of selected quantities. These comparisons are also important tests of the model under conditions of changing external forcing. If a model cannot simulate the seasonal cycle then it also lacks credibility as a tool for studying global climate.
The outline of this paper is as follows. A summary of the observational data used in this study is presented in section 2. Section 3 provides a brief description of the CSU GCM and summarizes the simulations carried out with this model. Section 4 describes a comparison of the modeled and observed precipitable water distributions and identifies important differences between these distributions. The clear sky greenhouse effect and its relation to these fields of water vapor is examined in section 5. It is shown how, as a result of differences in both the relationships between water vapor and SST and between the greenhouse effect and water vapor, the model's greenhouse sensitivity to SST is significantly smaller than that observed.
The effects of clouds on the Earth's radiation budget axe addressed in section 6 where comparisons of simulated and observed seasonal cycles of these effects are also discussed. The results of this study and the conclusions drawn from it are given in the final section 7 of the paper.
DATA
Details of some of the observational data used in this study are provided in parts I and 2. Earth radiation budget (ERB) data from two sources were used in these earlier studies: the narrow field-of-view, broadband scanning radiometer data of Nimbus 7 for the 1979 calendar year and the broadband scanning data of the Earth radiation budget experiment (ERBE) for the 1985 calendar year, whereas the present study uses only ERBE data. The ERBE data consist of daily flux data combined from the ERBS (Earth Radiation Budget Satellite) and NOAA-9 and NOAA-10 satellites which are processed to monthly averages for 1988 and details of these data are described by Harrison et al.
[1990] in some detail. In this study, in contrast to parts 1 The clear sky TOVS radiances used in this paper are those produced by the National Earth Satellite Service (NESS) and based on the algorithm of McMillan and Dean [1982] . Further details about the data, including the gridding and sampling techniques, as well as for a general description of the climatologies of channels 11 and 12, are presented by Wu et al. [1993] . January and July distributions of channels 11 and 12 brightness temperatures are presented in Figures 2a to 2d. These serve to highlight key features about the climatology of middle and upper tropospheric water vapor and correspond to the same months used in the analysis of SSMI data described below. We interpret the brightness temperature variations in the tropics and subtropics, regions where horizontal temperature gradients are relatively small, to be associated largely with variations in water vapor [Wu et al., 1993] . For a given channel, higher brightness temperatures correspond to lower amounts of water vapor in the broad layer of the atmosphere specified by the weighting function. The January distributions of Figures 2a and 2b 90N   60N   30N   30S   30E  60E  90E  120E  150E  180  150W  120W  90W  60W  30W  0   240 0  30E  60E  90E  120E  150E  180  150W  120W  90W  60W  30W  0   90N   60N   30N   30S   60S   90S   30E  60E  90E  120E  150E  180  150W 120W 90W  60W  30W   240   240   245   245   30E  60E  90E  120E  150E  180  150W 120W The differences between the model and SMMI distributions 
where we use To to represent the SST and I is the all sky emission to space. This relationship is used in simple climate models to study climate change induced by a perturbation forcing. In these models, B is the key parameter that defines the strength of the feedback and the time scale of the adjustment back to equilibrium by perturbed systems. In the present study we examine (2) in the context of changes of clear sky emission only, namely, Iclr, and To. The clear sky emission predicted by the GCM is represented by the solid curves, in the manner discussed for previous diagrams. The behavior of I½lr as a function of To, both for the model and the observations, is distinctly different than that predicted by the Budyko formula over the entire range of SSTs considered. The results do suggest that the emitted radiation is broadly linear in SST over the range To < 288 K, but they also suggest that I½1• is insensitive to SST for To > 298 K. The GCM appears to underpredict the emitted radiation over the first of these temperature ranges, suggesting that the greenhouse effect in the model for these regions is too strong, despite the fact that the agreement in the PWC is relatively good for these temperatures (Figure 3) .
We arbitrarily divide both the GCM and the ERBE data into these two SST regimes and carry out a linear leastsquares fit to I½1• for each. The coefficients obtained from these fits are provided in Table 2 . The coefficients derived from the GCM fields are remar 'kably close to those derived from the ERBE data for To < 288 K but differ from the ERBE coefficients for To > 288 K, although the model does produce the right qualitative differences between the two temperature regimes. Instead we show the tern-simulate either the sensitivity relationships described in this paper or the seasonal cycle of these parameters then it lacks credibility as a tool for studying global climate.
5.•. Clear Sky Greenhouse Effect and Its Relation to
The specific sensitivity relationships examined in this paper are those among PWC, cloud albedo, and cloud radiative forcing as a function of sire surface temperature. We also investigate the simulated and observed response of the greenhouse effect and cloud radiative forcing to seasonal forcing.
The main results of this study are: (1.) Despite the detailed differences noted below, the CSU GCM, which we take to be representative of the current generation of GCMs, is able to simulate some aspects of the observed sensitivities fairly well. Qualitative successes of the simulations include realistic variations of PWC with SST, the clear sky greenhouse parameter and its variation with both PWC and SST, and cloud longwave radiative forcing with SST, as well as the seasonal changes of the precipitable water and the cloud radiative forcing. (2.) Whereas there is qualitative agreement, there are many serious quantitative differences between the model and the observations. Notable problems in the simulations include an underprediction of the PWC in the tropics and an excessively strong clear-sky greenhouse effect in the mid-latitudes, which we propose to be due to excessive upper tropospheric PWC during winter. These differences combine in such a way that the model underestimates the clear-sky greenhouse effect-SST sensitivity compared to that derived from observations. This might suggest the possibility of a weaker than actual water vapor feedback mechanism in the model. Such a model is likely to give a conservative estimate of global warming. (3.) The simple analysis of the clear-sky greenhouse effect and its sensitivity to changes in SST described in this paper illustrates how this sensitivity non-linearly varies with SST with the greatest sensitivity occurring over the warmest SSTs. This is in direct contrast to the simple analysis of water vapor feedback that is often described in terms of the Budyko The conclusions of this work apply only to one GCM, although the degree of realism found is probably typical of other present-day GCM's. It is clearly important to test other models in the way the CSU GCM has been tested in this paper. Furthermore, it would be useful to examine the ability of models to simulate observed climatic anomalies and to examine how the sensitivity relationships described in this paper change in states of anomalous climate. A recent simulation made possible by the Atmospheric Model Intercomparison Project where the models are forced by observed SSTs may provide a suitable data set for such studies.
